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Regulation of PAK Activation and the T Cell
Cytoskeleton by the Linker Protein SLP-76
the generation of multiple second messengers. These
include increases in free cytoplasmic calcium and acti-
vation of small G-proteins including the Ras and Rho
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family of GTP binding proteins, which are regulated by*Center for Immunology
the enzymes PLCg1, the Son of Sevenless (SoS) guanineDivision of Rheumatology
nucleotide exchange factor (GEF) for the Ras-GTPase,Departments of Medicine and Pathology
and the Vav GEF for the Rho-GTPases, respectively (re-²Howard Hughes Medical Institute
viewed in Cantrell, 1996). The mechanisms by whichWashington University School of Medicine
the TCR-associated PTKs regulate these downstreamSt Louis, Missouri 63110
signaling pathways have been an area of intense investi-³Howard Hughes Medical Institute
gation.Children's Hospital
Recent studies indicate that the bridging of the TCR-Boston, Massachusetts 02115
associated PTKs with these downstream signaling func-§Fox Chase Cancer Center
tions is regulated through tyrosine phosphorylation ofPhiladelphia, Pennsylvania 19111
two linker proteins, SLP-76 (SH2-domain containing leu-‖Division of Gastroenterology
kocyte protein of 76K) and LAT (linker for activation ofDepartment of Internal Medicine
T cells) (Jackman et al., 1995; Zhang et al., 1998). LATUniversity of Chicago
(pp36) is a transmembrane protein that is phosphory-Chicago, Illinois 60637
lated by ZAP-70 following TCR cross-linking (Zhang et
al., 1998). The cytoplasmic domain of LAT contains con-
sensus tyrosine motifs, that when phosphorylated canSummary
directly bind the SH2 domains of Grb2 and PLCg1. Grb2,
an adaptor protein with two SH3 and one SH2 domains,Tyrosine phosphorylation of linker proteins enables
associates with the SoS GEF for Ras and representsthe T cell antigen receptor (TCR)-associated protein
one potential pathway for activation of the mitogen-tyrosine kinases to phosphorylate and regulate ef-
activated protein kinase (MAPK) pathway (reviewed infector molecules that generate second messengers.
Schlessinger and Bar-Sagi, 1994). Expression of a mu-We demonstrate here that the SLP-76 linker protein
tant form of LAT, which cannot be phosphorylated, in
interacts with both nck, an adaptor protein, and Vav,
Jurkat T cells is unable to bind Grb2 and PLCg1 and
a guanine nucleotide exchange factor for Rho-family
attenuates NF-AT transcriptional activity. Hence, tyro-
GTPases. The assembly of this tri-molecular complex
sine phosphorylation of LAT likely provides a mecha-
permits the activated Rho-family GTPases to regulate
nism by which Grb2/SoS and PLCg1 are recruited to
target effectors that interact through nck. In turn, as- the membrane and colocalize with their target proteins
sembly of this complex mediates the enzymatic activa- and substrates.
tion of the p21-activated protein kinase 1 and facili- In addition to LAT, tyrosine phosphorylation of SLP-
tates actin polymerization. Hence, phosphorylation of 76 at multiple tyrosine residues (Tyrs 112, 128, and 145)
linker proteins not only bridges the TCR-associated is also required for a functional TCR (Bubeck-War-
PTK, ZAP-70, with downstream effector proteins, but denburg et al., 1996; Fang et al., 1996; Raab et al., 1997).
also provides a scaffold to integrate distinct signaling Overexpression of wild-type SLP-76 in Jurkat T cells
complexes to regulate T cell function. augments TCR-mediated activation of IL-2 responsive
transcription elements, while expression of a mutant
Introduction SLP-76 that is not tyrosine phosphorylated [designated
as SLP-76(Y3F3) in which Tyrs 112, 128, and 145 are
Protein tyrosine kinases (PTKs) play requisite roles in T mutated to Phe] attenuates IL-2 transcriptional activa-
cell antigen receptor (TCR) function and T cell develop- tion. T cells lacking SLP-76 demonstrate attenuated re-
ment (reviewed in Chan and Shaw, 1996; Cheng and sponses in calcium mobilization and MAPK activation
Chan, 1997; Wange and Samelson, 1996). Engagement (Yablonski et al., 1998). In addition, mice deficient in slp-
of the TCR results in the sequential activation of the 76 demonstrate severe abnormalities in T cell develop-
Src-family PTKs Lck and Fyn and the Syk family of ment (Clements et al., 1998; Pivniouk et al., 1998). How-
PTKs, ZAP-70 and Syk. Phosphorylation of the receptor- ever, the mechanism(s) by which SLP-76 regulate these
encoded signaling motifs termed immunoreceptor tyro- second messengers still remain unclear. While SLP-76
sine-based activation motifs (ITAMs) by Lck and Fyn interacts with Grb2 fusion proteins, SLP-76 has not been
provides binding sites for the tandem SH2 domains demonstrated to associate with Grb2 in T cells (Jackman
present within ZAP-70 and Syk. The colocalization of et al., 1995; Motto et al., 1996). The recent observation
ZAP-70 with the phosphorylated receptor permits the that SLP-76 can interact with the SH2 domain of the
transphosphorylation of ZAP-70 by Lck and upregulation Vav GEF has raised a potential mechanism for SLP-76
of ZAP-70 enzymatic activity, which in turn is required for function (Onodera et al., 1996; Tuosto et al., 1996; Wu
et al., 1996; Crespo et al., 1997). Overexpression of wild-
type Vav enhances the transcriptional activation of NF-# To whom correspondence should be addressed (email: achan@
im.wustl.edu). AT responsive elements (Wu et al., 1995). Conversely,
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Figure 1. In Vitro Interaction of the Nck Adap-
tor Protein with Tyrosine Phosphorylated
SLP-76
(A) Tyrosine-phosphorylated SLP-76 binds
nck. Tyrosine-phosphorylated SLP-76 pro-
duced in insect Sf9 cells by coinfection with
Syk was incubated with a panel of GST fusion
proteins as described in Experimental Proce-
dures. Precipitates were analyzed by immu-
noblotting with an anti-SLP-76 monoclonal
antibody (H3 MAb, top). Equivalent levels of
fusion protein in each precipitate were con-
firmed using an anti-GST MAb (bottom,
Sigma).
(B) Tyrosine phosphorylation of SLP-76 is re-
quired for its interaction with nck. A GST-nck
fusion protein was incubated with cell lysates
expressing SLP-76 alone (lane 1), SLP-76 and
Syk (lane 2), and SLP-76(Y3F3) and Syk (lane
3). Nck binding proteins were immunoblotted
with an anti-SLP-76 MAb (top). Tyrosine
phosphorylation of SLP-76 was analyzed by immunoblotting of SLP-76 immunoprecipitates with an anti-pTyr MAb (PY20, Santa Cruz Biotechnol-
ogy-SCB) (middle). Equivalent levels of SLP-76 were confirmed by immunoblot analysis of lysates with an anti-SLP-76 MAb (bottom).
(C) The SH2 domain of nck is required for its interaction with SLP-76. Total cell lysates from resting or TCR-activated Jurkat T cells were
incubated with GST-nck or GST-nck(SH2*) as described in Experimental Procedures. The latter represents a fusion protein containing a
nonfunctional SH2 domain by mutation of R308 to K. Precipitates were analyzed by immunoblotting with an anti-SLP-76 MAb (top) and an
anti-GST MAb (middle). The integrity of the GST-nck SH2* fusion protein was demonstrated by its ability to still interact with c-cbl, an interaction
mediated through the SH3 domain of nck (bottom; Rivero-Lezcano et al., 1994).
expression of a mutant Vav in which the SH2 domain is was detected with the SLP-76 SH2 domain, no interac-
rendered nonfunctional [designated as Vav(SH2*)] atten- tion was detected with GST alone or with fusion proteins
uates NF-AT transcriptional activity. encoding the SH2 domains of Grb2, PLCg1 SH2(N), the
We demonstrate here that tyrosine-phosphorylated SH2-containing 59-inositol phosphatase, or ZAP-70.
SLP-76 interacts not only with the Vav GEF but also with We next examined the ability of nck to interact with
the nck adaptor protein. Nck, an adaptor protein with nonphosphorylated and phosphorylated forms of SLP-
three SH3 domains and an SH2 domain, is phosphory- 76 (Bubeck-Wardenburg et al., 1996). While tyrosine-
lated upon activation of the platelet derived growth fac- phosphorylated wild-type SLP-76 bound the nck fusion
tor (PDGF) and epidermal growth factor (EGF) receptors, protein (Figure 1B, top panel, lane 2), no binding was
lymphocyte antigen receptors, and immunoglobulin re- detected with the nonphosphorylated wild-type SLP-76
ceptors (Lehmann et al., 1990; Chou et al., 1992; Li et expressed in the absence of Syk (lane 1). Furthermore,
al., 1992; Meisenhelder and Hunter, 1992; Park and the lack of binding of a SLP-76 mutant [SLP-76(Y3F3)],
Rhee, 1992; Lee et al., 1993). Moreover, the interaction which cannot be phosphorylated even when expressed
of nck with p21-activated kinases (Paks) and Wiskott- with Syk (Bubeck-Wardenburg et al., 1996), indicated
Aldrich syndrome protein (WASP), proteins that bind that the in vitro interaction of nck with SLP-76 required
activated Rho-GTPases, raised the intriguing possibility phosphorylation of Tyrs 112, 128, and/or 145 within SLP-
that SLP-76 may serve as a scaffold to colocalize the 76 (lane 3).
GEF activity of Vav with these nck-associated Rho-
Consistent with the requirement for tyrosine phos-
GTPase-dependent effector proteins (Rivero-Lezcano
phorylation of SLP-76, inactivation of the SH2 domain
et al., 1995; Bokoch et al., 1996; Galisteo et al., 1996;
within nck [R308K designated nck(SH2*)] abrogated theLu et al., 1997). We provide evidence here that the inter-
ability of nck to interact with tyrosine-phosphorylatedaction of SLP-76, Vav, and nck integrates the activation
SLP-76 (Figure 1C). While wild-type nck fusion proteinsof Rho-GTPases by the Vav GEF with nck-bound ef-
precipitated SLP-76 from lysates isolated from TCR-fector proteins to regulate Pak activation and actin poly-
activated Jurkat T cells (Figure 1C, top panel, lanes 1merization.
and 2), no association of SLP-76 was detected with
the nck(SH2*) fusion protein using lysates isolated fromResults
resting or TCR-activated cells (lanes 3 and 4). The inabil-
ity of tyrosine-phosphorylated SLP-76 to interact withIn Vitro Interaction of Nck and SLP-76
nck(SH2*) was not due to a gross conformational changeTo elucidate the molecular mechanisms by which sub-
induced by the R308K mutation, as nck(SH2*) still boundstrates of ZAP-70 may regulate T cell function, we ana-
cbl, an interaction that is mediated through the N-termi-lyzed the ability of a number of signaling molecules to
nal SH3 domain of nck (bottom panel) (Rivero-Lezcanointeract with tyrosine-phosphorylated SLP-76 produced
et al., 1994). Together, these in vitro binding studiesin insect cells. In addition to the C-terminal SH2 domain
indicate a potential interaction between nck and SLP-of PLCg1 and the SH2 domain of Vav, tyrosine-phos-
76 that is mediated through the SH2 domain of nck andphorylated SLP-76 also bound nck (Figure 1A, top panel,
lanes 3, 5, and 8). In contrast, while a low level of binding tyrosine residues 112, 128, and/or 145 within SLP-76.
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Figure 2. In Vivo Interaction of SLP-76 and
Nck
(A) Nck coimmunoprecipitates with SLP-76
following TCR activation. Nck was immuno-
precipitated from resting or TCR-activated
Jurkat T cells (lanes 3 and 4) or from resting
or TCR-activated human peripheral lympho-
cytes (lanes 5 and 6). Control IgG immunopre-
cipitates from resting or TCR activated Jurkat
T cells were similarly analyzed in lanes 1 and
2, respectively. Proteins were immunoblotted
with anti-pTyr (top), anti-SLP-76 (middle), or
anti-nck (bottom, SCB) MAbs. Molecular
weight standards are depicted on the left.
(B) The in vivo interaction of nck with SLP-76
is dependent upon the SH2 domain of nck.
Anti-HA immunoprecipitates from resting or
TCR-activated cells overexpressing HA-wild-
type nck or a truncated nck lacking the
C-terminal SH2 domain [HA-nck(SH3)3] were
analyzed by immunoblotting with anti-pTyr
(top), anti-SLP-76 (middle), or anti-HA (bot-
tom) MAbs.
(C) Tyrosine phosphorylation of SLP-76 is re-
quired for the in vivo interaction of nck with
SLP-76. Nck was immunoprecipitated from
resting or TCR-activated parental Jurkat T
cells (lane 3 and 4) or cells expressing myc-
epitope-tagged SLP-76(Y3F3) (lanes 5 and 6)
and immunoblotted with anti-SLP-76 (top) or anti-nck (middle) MAbs. The migration of endogenous wild-type and the slower migrating myc-
epitope-tagged form of SLP-76(Y3F3) are indicated in the right border. SLP-76 expression in these cell lines was confirmed by immunoblotting
for SLP-76 (lower).
In Vivo Interaction of Nck and SLP-76 in Jurkat expressed under the control of a tetracycline-regulated
promoter (Gossen and Bujard, 1992). Wild-type nck wasand Normal Peripheral T Cells
We next examined the ability of nck to interact with SLP- overexpressed at 5- and 2-fold when compared to en-
dogenous nck for clones FL2 and FL106, respectively76 in resting and activated T cells. Nck immunoprecipi-
tates from either resting or TCR-stimulated Jurkat T cells (Figure 2B, bottom panel, lanes 3 and 4; data not shown).
The truncated nck(SH3)3 was expressed at z3-fold mo-were analyzed by immunoblotting with an anti-pTyr
MAb. Tyrosine phosphoproteins with Mrs of 220K, 130K, lar excess when compared to endogenous nck (Figure
2B, bottom panel, lanes 5 and 6; data not shown). Both95K, 86K, 76K, 56K, and 49K were coimmunoprecipi-
tated with nck following TCR cross-linking (Figure 2A, endogenous nck and the HA-epitope-tagged wild-type
nck coimmunoprecipitated a similar spectrum of tyro-top panel, lanes 3 and 4). To determine whether the 76K
Mr tyrosine phosphoprotein was SLP-76, we analyzed sine phosphoproteins, including SLP-76 (Figures 2A, top
panel, lanes 3 and 4 and 2B, top and middle panels,both control IgG and nck immunoprecipitates by immu-
noblotting with an anti-SLP-76 MAb. The association lanes 3 and 4). Consistent with the in vitro requirement
for the SH2 domain of nck, none of the tyrosine phospho-of SLP-76 with nck was detected only following TCR
stimulation in both Jurkat T cells and normal human proteins including SLP-76 that interacted with wild-type
nck in a receptor-dependent fashion were detected withperipheral lymphocytes (Figure 2A, middle panel, lanes
3±6). Equivalent levels of nck were present in each nck the nck(SH3)3 truncation (Figure 2B, top and middle pan-
els, lanes 5 and 6).immunoprecipitate from both resting and TCR-activated
cells (Figure 2A, bottom panel). Consistent with studies To examine the structural requirements within SLP-
76 that are required for its in vivo association with nck,of nck following PDGF and EGF activation, the slower
migrating 49K Mr phosphorylated form of the protein we analyzed nck immunoprecipitates from either paren-
tal Jurkat cells or Jurkat cells that stably express SLP-was detected only following TCR stimulation (Lehmann
et al., 1990; Chou et al., 1992; Li et al., 1992; Meisen- 76(Y3F3) (Bubeck-Wardenburg et al., 1996). The SLP-
76(Y3F3) mutant was appended with a myc epitope taghelder and Hunter, 1992; Park and Rhee, 1992; Lee et
al., 1993). to facilitate its separation from endogenous SLP-76.
While endogenous SLP-76 associated with nck follow-To analyze the structural requirements within nck re-
quired for its in vivo interaction with SLP-76, we gener- ing TCR stimulation in parental Jurkat cells (Figure 2C,
top panel, lanes 3 and 4), the epitope-tagged SLP-ated Jurkat T cell clones that expressed wild-type nck
or a truncated version of nck [designated as nck(SH3)3] 76(Y3F3) mutation, which is not tyrosine phosphorylated
following TCR cross-linking and migrates slower thanthat lacked the C-terminal SH2 domain. Both wild-type
nck and nck(SH3)3 were appended with an HA-epitope endogenous SLP-76, did not coimmunoprecipitate with
nck (lanes 5 and 6). A low level of association of nck withtag to facilitate identification. To minimize potential se-
lection bias, wild-type nck or nck(SH3)3 proteins were endogenous SLP-76 was retained in cells expressing
Immunity
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Figure 3. Assembly of a Tri-Molecular Com-
plex Consisting of SLP-76, Vav, and Nck
(A) Coimmunoprecipitation of Vav with nck.
Anti-HA immunoprecipitates from parental
Jurkat 449 cells (lanes 1 and 2), cells overex-
pressing HA-wild-type nck (lanes 3 and 4), or
cells expressing HA-nck(SH3)3 (lanes 5 and
6) were analyzed by immunoblotting with
anti-Vav (top) or anti-HA (bottom) MAbs as
described in Experimental Procedures.
(B) Coimmunoprecipitation of phosphorylated
Vav with nck requires tyrosine phosphoryla-
tion of SLP-76. Anti-nck immunoprecipitates
from Jurkat T cells overexpressing myc-SLP-76
(lanes 1 and 2) or cells expressing myc-SLP-
76(Y3F3) (lanes 3 and 4) were immunoblotted
with anti-pTyr (top) or anti-nck (bottom) MAbs.
The migration of phosphorylated Vav is de-
noted at the right margin and was determined
by comigration of Vav with pp95 on 1-dimen-
sional gels, immunodepletion of pp95 with
anti-Vav Abs, and the appearance of a dou-
blet compared to a single pp95 band in nck
immunoprecipitates with coexpression of myc-
epitope-tagged Vav (data not shown).
(C) The interaction of nck and Vav is depen-
dent upon the presence of SLP-76. Nck im-
munoprecipitates from resting (lanes 1 and
3) or activated (lanes 2 and 4) Jurkat T cells
were immunoblotted for Vav (top), SLP-76
(middle), or nck (bottom). Lanes 1 and 2 repre-
sent mock-depleted lysates while lanes 3 and
4 represent lysates depleted with two se-
quential rounds of a combination of anti-SLP-
76 antibodies (H3 and 22652).
the SLP-76(Y3F3) mutant and reflects the lower level of Vav (Figure 1; Onodera et al., 1996; Tuosto et al., 1996;
Wu et al., 1996), we examined whether SLP-76 mayphosphorylation of endogenous SLP-76 in these stable
transfectants (Bubeck-Wardenburg et al., 1996). To- serve as a scaffold to colocalize nck with Vav to facilitate
a subsequent functional interaction. Analysis of restinggether, these in vitro and in vivo studies indicate that
nck, through its SH2 domain, interacts with the major and TCR-activated cells demonstrated the presence of
Vav in HA-nck immunoprecipitates only following TCRtyrosine phosphorylation sites within SLP-76 following
TCR cross-linking. activation (Figure 3A, lanes 3 and 4). Consistent with
the requirement for the SH2 domain of nck, Vav did
not coimmunoprecipitate with nck(SH3)3 (Figure 3A, topFormation of a Tri-Molecular Complex
Consisting of SLP-76, Nck, and Vav panel, lanes 5 and 6). Moreover, while nck associated
with phosphorylated Vav (pp95) in activated cells over-Since tyrosine-phosphorylated SLP-76 can indepen-
dently interact with the SH2 domains of both nck and expressing wild-type SLP-76, the association was not
Scaffolding Function for SLP-76
611
Figure 4. Independence of Vav:SLP-76 and
Nck:SLP-76 Interactions
(A) The interaction of Vav with SLP-76 is unaf-
fected by expression of nck or nck(SH3)3. Vav
was immunoprecipitated from parental Jurkat
T cells (clone 449, lanes 1 and 2), Jurkat cells
expressing HA-wild-type nck (lanes 3 and 4),
or Jurkat cells expressing HA-nck(SH3)3 (lanes
5 and 6) and immunoblotted with anti-SLP-
76 MAb (top) or anti-Vav (bottom) MAbs.
(B) The interaction of nck with SLP-76 is unaf-
fected by expression of Vav or Vav(SH2*). Nck
was immunoprecipitated from parental Jur-
kat T cells (lanes 1 and 2), Jurkat cells ex-
pressing myc-wild-type Vav (lanes 3 and 4),
or Jurkat cells expressing myc-Vav(SH2*)
(lanes 5 and 6) and immunoblotted with anti-
SLP-76 (top) or anti-nck (bottom) MAbs.
(C) Tyrosine phosphorylation of SLP-76 is not
affected by nck or nck(SH3)3. SLP-76 was
immunoprecipitated from parental Jurkat T
cells (clone 449, lanes 1 and 2), Jurkat cells
expressing HA-wild-type nck (lanes 3 and 4), or Jurkat cells expressing HA-nck(SH3)3 (lanes 5 and 6) and immunoblotted with anti-pTyr (top)
or anti-SLP-76 (bottom) MAbs.
(D) Tyrosine phosphorylation of SLP-76 is not affected by Vav or Vav(SH2*). SLP-76 was immunoprecipitated from parental Jurkat T cells
(lanes 1 and 2), Jurkat cells expressing myc-wild-type Vav (lanes 3 and 4), or Jurkat cells expressing myc-Vav(SH2*) (lanes 5 and 6) and
immunoblotted with anti-SLP-76 MAb (top) or anti-nck (bottom) MAbs.
(E) Tyrosine phosphorylation of Vav is not affected by nck or SLP-76. Vav was immunoprecipitated from parental Jurkat T cells (clone 449,
lanes 1 and 2; clone E6, lanes 7 and 8), Jurkat cells expressing HA-wild-type nck (lanes 3 and 4), Jurkat cells expressing HA-nck(SH3)3 (lanes
5 and 6), or Jurkat cells expressing myc-SLP-76(Y3F3) (lanes 9 and 10). Immunoprecipitates were immunoblotted with an anti-pTyr MAb (top)
or an anti-Vav MAb (bottom).
detected in cells expressing SLP-76(Y3F3) (Figure 3B). cells, tyrosine-phosphorylated SLP-76 interacted with
nck independent of Vav (Figure 1B, top panel, lane 2)In contrast to the loss of phosphorylated Vav in nck immu-
noprecipitates from cells expressing SLP-76(Y3F3), the and, conversely, tyrosine-phosphorylated SLP-76 also
interacted with Vav fusion proteins independent of nckassociation of other tyrosine phosphoproteins (e.g,
pp220 and pp130) with nck was not altered. Hence, the (Figure 1A, lane 8). Consistent with these in vitro results,
the interaction of Vav with SLP-76 was not altered byability of nck to interact with other tyrosine-phosphory-
lated proteins, aside from SLP-76, was maintained in overexpression of wild-type nck or by expression of
nck(SH3)3 (Figure 4A). Conversely, the interaction of nckcells expressing SLP-76(Y3F3).
To further demonstrate that the interaction between with SLP-76 was not altered by overexpression of wild-
type Vav or by expression of Vav(SH2*) (Figure 4B). Simi-nck and Vav was dependent upon SLP-76, we analyzed
the ability of nck to interact with Vav in TCR-activated larly, tyrosine phosphorylation of SLP-76 was not altered
by overexpression of wild-type nck or Vav nor by expres-cells following sequential rounds of immunodepletion
with anti-SLP-76 antibodies. While nck coimmunopreci- sion of nck(SH3)3 or Vav(SH2*) (Figures 4C and 4D).
Finally, tyrosine phosphorylation of Vav was also notpitated with Vav following TCR activation (Figure 3C,
top panel, lanes 1 and 2), immunodepletion of SLP-76 altered by overexpression of wild-type nck or by expres-
sion of nck(SH3)3 or SLP-76(Y3F3) (Figure 4E). Hence,resulted in the depletion of Vav from nck immunoprecipi-
tates (top panel, lanes 3 and 4). Consistent with the tyrosine phosphorylation of SLP-76 is independent of
the SH2 domains of Vav and nck. Moreover, while bothstoichiometric depletion of SLP-76, SLP-76 was detected
only in nck immunoprecipitates from nondepleted ly- nck and Vav form a macromolecular complex by scaf-
folding onto tyrosine-phosphorylated SLP-76, their abil-sates isolated from TCR-activated cells (middle panel).
In addition, in vitro binding studies indicated that nck ity to interact with SLP-76 is independent of each other.
fusion proteins did not interact with Vav (data not
shown). Together, these studies are most consistent Integration of Vav GEF Activity with Rho-GTPase
Effector Protein Function by thewith the assembly of a tri-molecular complex in which
nck and Vav bind independent phosphorylated tyrosine Tri-Molecular Complex
To test whether the assembly of the nck:SLP-76:Vav tri-residues within SLP-76. However, we cannot exclude
the possibility of an additional protein that interacts with molecular complex may integrate the GEF activity of
Vav with Rho-GTPase-dependent proteins that interactthe phosphorylated tyrosine residues within SLP-76 and
that itself becomes tyrosine phosphorylated and medi- with nck (Crespo et al., 1996, 1997), we analyzed the
activation of the nck-associated Pak1 serine/threonineates the direct interaction with the SH2 domains of Vav
and nck. kinase (Creasy and Chernoff, 1995; Bokoch et al., 1996;
Galisteo et al., 1996; Lu et al., 1997). Consistent withWe next analyzed whether the interaction of SLP-76
with nck was dependent on Vav and, conversely, whether the ability of the SH3 domains of nck to interact with
Pak, Pak1 was present in nck immunoprecipitates iso-the interaction of SLP-76 with Vav was dependent on
nck. Using purified components expressed in insect lated from both resting and TCR activated cells (Figure
Immunity
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Figure 5. The Formation of the Nck, Vav, and
SLP-76 Tri-Molecular Complex Is Required
for Pak1 Activation
(A) Coimmunoprecipitation of Pak1 with nck.
Resting and TCR-activated Jurkat T cells
were immunoprecipitated with IgG (lanes 1
and 2) or an anti-nck antiserum (lanes 3 and
4) and analyzed by immunoblotting with an
anti-Pak-1 antiserum (top) or an anti-nck MAb
(bottom).
(B) Pak activation following TCR cross-link-
ing. Pak activity was assessed by immuno-
precipitating Pak1 from resting or TCR-acti-
vated Jurkat T cells and analyzed using an in
vitro kinase assay with the H4-peptide as an
exogenous substrate as described in Experi-
mental Procedures.
(C) Pak activation is dependent upon SLP-
76, nck, and Vav. Pak1 activation was as-
sessed as described in Figure 5B and ana-
lyzed in cells overexpressing wild-type and mutant forms of SLP-76, nck, or Vav. The fold increase was determined by comparing the fold
activation observed in Pak1 in cells divided by the fold increase observed in parental Jurkat T cells. The data presented here are representative
of a minimum of four independent experiments.
(D) Pak activation is dependent upon the DH domain of Vav. An HA-Pak cDNA was expressed with a pApuro vector cDNA (lanes 1 and 2) or
a mutated myc-Vav(DH*) cDNA (lanes 3 and 4). Pak was immunoprecipitated from resting (lanes 1 and 3) or TCR-activated (lanes 2 and 4)
cells. Pak activity was assessed as described in Figure 5B. Coomassie Blue staining for H4 (second panel) and immunoblotting for HA-Pak
(third panel) demonstrated comparable levels of substrate and enzyme, respectively, for each condition. Vav(DH*) was detected using an anti-
myc MAb (bottom).
5A, lanes 3 and 4). Moreover, Pak1 activity was upregu- substrate were present in all conditions analyzed (Fig-
ure 5D, second and third panels). Expression of myc-lated following TCR-cross-linking with maximal activity
detected at 1 to 2 min and was decreased by 5 min Vav(DH*) was also equally represented in resting and
activated T cells transfected with the myc-Vav(DH*)(Figure 5B).
To examine the role of the scaffold provided by SLP- cDNA (Figure 5D, bottom panel, lanes 3 and 4). Together,
these data indicate that both the GEF activity of Vav76 to regulate Pak activation, we analyzed the effect
of overexpression of wild-type or dominant negative and the colocalization of Vav with nck-associated Pak
through SLP-76 are required for Pak activation.mutants of SLP-76, nck, and Vav on Pak activity. When
compared to parental cells, cells overexpressing wild-
type SLP-76 and Vav demonstrated 85% and 60% in- Regulation of F-Actin Formation by SLP-76,
Vav, and Nckcreases in TCR-induced Pak activation, respectively
(Figure 5C). The degree of activation observed with over- As Pak1 has been implicated in actin polymerization
and as nck also associates with WASP, a protein impli-expression of wild-type nck was more modest (z35%)
when compared to parental cells. In contrast, Pak acti- cated in actin polymerization (Derry et al., 1994; Manser
et al., 1994; Rivero-Lezcano et al., 1995; Aspenstrom etvation observed in cells expressing dominant negative
forms of SLP-76, Vav, or nck [SLP-76(Y3F3), Vav(SH2*), al., 1996; Harden et al., 1996; Symons et al., 1996; Sells
et al., 1997; Zhao et al., 1998), we analyzed cells overex-and nck(SH3)3, respectively] were significantly decreased
following TCR activation. Greater than 85% decrease in pressing wild-type SLP-76, nck, or Vav and cells ex-
pressing dominant negative forms of these proteins forPak activation was observed in cells expressing the
mutant forms of SLP-76, Vav, or nck. The specificity of their ability to polymerize actin by confocal microscopy.
While resting Jurkat T cells demonstrated minimal F-actinthese effects on Pak activation was further substanti-
ated by the normal calcium responses and normal tyro- staining, TCR stimulation resulted in a polarized region
of F-actin formation (Figure 6A, left panels). In cells over-sine phosphorylation of Vav and SLP-76 in clones either
overexpressing wild-type or dominant negative forms expressing wild-type SLP-76, TCR cross-linking re-
sulted in an increased area and intensity of actin poly-of nck (Figure 4E; data not shown).
As colocalization of Vav and Pak through SLP-76 and merization when compared to parental cells (middle
panels). Conversely, TCR cross-linking of cells express-nck may permit the guanine nucleotide exchange activ-
ity of Vav to regulate its target, Pak, we analyzed the ing SLP-76(Y3F3) demonstrated greatly reduced actin
polymerization as compared to parental cells (right pan-contribution of Vav's GEF function to Pak activation.
The Dbl-homology domain (DH), which is required for els). Similarly, TCR cross-linking of cells overexpressing
wild-type nck also resulted in increased intensity andGEF activity, was mutated and coexpressed with an
epitope-tagged Pak in Jurkat T cells (Hart et al., 1991, area of F-actin formation (Figure 6B, left and middle
panels). Conversely, F-actin formation was markedly in-1994; Ron et al., 1991). While Pak activation, as assessed
by phosphorylation of the H4 substrate, was augmented hibited in cells expressing the nck(SH3)3 truncation (right
panels). Finally, while overexpression of wild-type Vavz3-fold following TCR cross-linking, no increase in Pak
activity was detected in cells expressing Vav(DH*) (Fig- resulted in augmented TCR-mediated actin polymeriza-
tion as compared to parental Jurkat T cells (Figure 6C,ure 5D, top panel). Comparable levels of Pak and H4
Scaffolding Function for SLP-76
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Figure 6. Reorganization of the T Cell Cy-
toskeleton Requires SLP-76, Nck, and Vav
(A) Regulation of the T cell cytoskeleton by
SLP-76. Parental Jurkat cells (left), cells over-
expressing wild-type SLP-76 (middle), or
cells expressing SLP-76(Y3F3) (right) were
analyzed under resting conditions (top) or fol-
lowing TCR activation (bottom). Cells were
stained with rhodamine-conjugated phalloi-
din and visualized by confocal microscopy.
The single plane with the greatest intensity of
staining from a representative cell is depicted
for each condition. The pixel intensity scale
used is shown on the left. Greater than 100
cells were analyzed on each slide and a mini-
mum of two clones were analyzed for each
condition. The maximum pixel intensity at the
center of the F-actin in cells overexpressing
wild-type SLP-76 was z250.
(B) Regulation of the T cell cytoskeleton by
nck. Parental Jurkat 449 cells (left), cells over-
expressing wild-type nck (middle), or cells ex-
pressing nck(SH3)3 (right) were analyzed as
described in Figure 4A. This data is represen-
tative of greater than 100 cells analyzed for each clone with a minimum of two clones analyzed for each cell type. Resting cells are presented
in the top panels and TCR-activated cells presented in the bottom panels.
(C) Regulation of the T cell cytoskeleton by Vav. Parental Jurkat cells (left), cells overexpressing wild-type Vav (middle), or cells expressing
Vav(SH2*) (right) were stained with rhodamine conjugated phalloidin and visualized by confocal microscopy as described. The top panels
represent resting cells while the bottom panels represent TCR-activated cells. This data is representative of greater than 200 cells analyzed
for each clone. The maximum pixel intensity at the center of the F-actin in cells overexpressing wild-type Vav was z250. Resting cells are
presented in the top panels and TCR-activated cells presented in the bottom panels.
(D) Quantitation of F-actin polymerization. The integrated pixel intensity of the actin cap was quantitated as described in Experimental
Procedures.
left and middle panels), cells expressing Vav(SH2*) dem- wild-type SLP-76, nck, or Vav demonstrate increased
Pak activation in a TCR-dependent manner. Conversely,onstrated significantly reduced actin polymerization fol-
lowing TCR activation (right panels). Quantitation of F-actin cells expressing dominant negative forms of SLP-76,
nck, or Vav demonstrate decreased Pak activation. Fi-polymerization by measuring the integrated pixel inten-
sity confirmed that overexpression of SLP-76, nck, and nally, Pak activation was dependent upon the ability of
Vav to function as a GEF. Hence, these studies provideVav enhanced the ability of TCR activation to polymerize
actin, and conversely, that expression of the dominant functional evidence that tyrosine phosphorylation of
SLP-76 can colocalize two distinct effector protein com-negative forms of SLP-76, nck, and Vav attenuated the
ability of the TCR to induce F-actin polymerization (Fig- plexes, the Vav GEF and its target proteins, through
their association with nck, to regulate T cell activation.ure 6D). As compared to cells expressing dominant neg-
ative mutants of SLP-76, Vav, and nck, cells that overex- It is likely that other receptor-mediated systems utilize
a similar paradigm to colocalize GEFs with their effectorpress wild-type Grb2 or a dominant negative mutant of
Grb2, Grb2(SH3-C*), demonstrated normal polymeriza- proteins. In non-lymphoid cells, nck associates with
both PDGF and EGF receptors following ligand activa-tion of actin following TCR activation (data not shown).
tion and also with the linker protein IRS-1 in insulin-
stimulated cells (Meisenhelder et al., 1989; Lehmann etDiscussion
al., 1990; Chou et al., 1992; Li et al., 1992; Meisenhelder
and Hunter, 1992; Park and Rhee, 1992; Lee et al., 1993).SLP-76 as a Scaffold for Multiple
Signaling Molecules However, while nck is ubiquitously expressed, the ex-
pression of SLP-76 and Vav is limited to hematopoieticOur studies demonstrate that tyrosine phosphorylation
of SLP-76 by the ZAP-70 and Syk PTKs provides a cells. Hence, it is intriguing to speculate that growth
factor receptors and IRS-1 serve the scaffolding func-scaffold to bind both Vav and nck (Figure 7). This tri-
molecular complex assembles an activated GEF (i.e., tion of SLP-76 to colocalize other GEFs, since Vav is
a hematopoietic-specific protein, with nck-associatedtyrosine-phosphorylated Vav) with nck-binding proteins,
including Pak and possibly WASP, which require acti- Rho-GTP'ase-dependent proteins to regulate cellular
proliferation.vated Rho-GTPases for their function (Manser et al.,
1994; Martin et al., 1995; Aspenstrom et al., 1996; Harden
et al., 1996; Kolluri et al., 1996; Symons et al., 1996; Regulation of the T Cell Cytoskeleton
by Nck and Its Associated ProteinsSnapper et al., 1998). The colocalization of tyrosine-
phosphorylated Vav with Pak enables GTP-bound Rac Our studies here also provide insights into the molecular
mechanisms that mediate TCR-activated cytoskeletaland Cdc42 to bind and, in turn, activate Pak (Martin et
al., 1995; Crespo et al., 1996, 1997; Harden et al., 1996). changes. The polymerization of monomeric actin to
F-actin, the polarization of F-actin to the contact faceConsistent with this hypothesis, cells overexpressing
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Figure 7. Model for the Integration of Vav
and Nck-Associated Pak/WASP Function by
SLP-76
Phosphorylation of SLP-76 by ZAP-70 pro-
vides a scaffolding to bind both Vav and nck.
Tyrosine phosphorylation of Vav activates its
GEF activity and leads to the exchange of
GDP for GTP on Rac and Cdc42. The latter
bind and activate Pak1 and other nck-associ-
ated Rho-GTPase target proteins including
WASP to mediate a variety of downstream
effector functions including actin polymeriza-
tion and JNK activation.
of the T-lymphocyte, and capping of TCR complexes to et al., 1998). In addition, Pak activation has also been
implicated in the regulation of the JNK signaling pathwaya single pole of the cell represent important morphologic
events in T cell activation (Parsey and Lewis, 1993). (Bagrodia et al., 1995; Zhang et al., 1995; Brown et al.,
1996; Joneson et al., 1996; Westwick et al., 1997). Hence,Treatment of T cells with drugs that disrupt actin micro-
filament assembly prevents TCR-induced changes in cell the scaffolding function of SLP-76 to colocalize Vav with
nck-associated effector proteins likely permits Vav tomorphology and TCR-mediated signaling events. The
signaling requirements for these morphologic changes regulate many distinct Rho-family GTPase binding pro-
teins. Additional studies are ongoing to dissect the spe-have been an area of intense investigation. The TCR
ITAMs and Lck are required for T cell polarization and cific contributions of these and other nck-associated
proteins in T cell function.actin polymerization (Lowinkroph et al., 1998). In addi-
tion, recent studies demonstrate a requirement for Vav
and WASP in cap formation and TCR function (Fischer
Experimental Procedures
et al., 1998; Holsinger et al., 1998; Snapper et al., 1998).
Our studies here extend the molecular basis for TCR- Cells, Antibodies, T Cell Activation, and Protein Analysis
mediated actin polymerization as involving the assembly Jurkat clones E6 and 449 and insect Sf9 cells were maintained as
previously described (Bubeck-Wardenburg et al., 1996; Kong et al.,of SLP-76, Vav, and nck. Similar to our studies on Pak
1996). An anti-nck antiserum was generated against amino acidsactivation, the assembly of the nck:SLP-76:Vav complex
81±103 of human nck. T cell clones were analyzed under resting orwas also required for TCR-induced actin polymerization.
TCR-activated conditions as previously described (Bubeck-War-
While nck undergoes tyrosine phosphorylation follow- denburg et al., 1996). Human peripheral lymphocytes were purified
ing TCR engagement (Chou et al., 1992; Li et al., 1992; using a Ficoll-Hypaque gradient and stimulated with an anti-CD3e
Meisenhelder and Hunter, 1992; Park and Rhee, 1992), MAb (1:250 dilution of the 235 MAb, courtesy of Dr. Fu) for 2 min
at 378C prior to lysis. Protocols for immunoprecipitation, SDS-PAGE,its role in T cell function has not been defined. Our
and immunoblotting analysis have been previously described (Bu-studies here demonstrate an important role for nck in
beck-Wardenburg et al., 1996).regulating the T cell cytoskeleton. Consistent with our
Pak enzymatic activity from resting or activated T cells was as-
analysis of nck and its mutants on TCR-induced actin sessed using the H4 peptide as an exogenous substrate as pre-
polymerization, the Drosophila melanogaster homolog viously described (Creasy and Chernoff, 1995). Incorporation of 32P
of nck, dreadlocks, which also contains three SH3 and into the H4 peptide was quantitated using ImageQuant Software
on a PhosphorImager and compared to activation observed witha single SH2 domain, regulates growth cone motility
endogenous Pak1 in parental cells.(Garrity et al., 1996). Mutation of dreadlocks disrupts
photoreceptor cell directed axon guidance and targeting
and suggests a role for nck and its family members in In Vitro Binding Experiments
GST fusion proteins (5 mg) were incubated with various forms ofregulating cytoskeletal reorganization.
SLP-76 in a total volume of 0.5 ml. Complexes were precipitatedAs nck has no intrinsic enzymatic activity, nck-associ-
with glutathione-Sepharose (Pharmacia) according to manufactur-ated proteins must regulate the phenotypes observed
er's recommendations and analyzed by SDS-PAGE. Phosphorylated
with overexpression of wild-type nck and expression of and nonphosphorylated forms of SLP-76 were expressed in the
the nck(SH3)3 mutant (Figures 5 and 6). Nck associates absence or presence of Syk in insect Sf9 cells as previously de-
with a variety of potential effector proteins including scribed (Bubeck-Wardenburg et al., 1996). For binding experiments
involving activated T cells, lysates were incubated with 5 mg of GST-Pak, WASP, cbl, SoS, and an nck-associated kinase
nck or GST-nck(SH2*) fusion protein in a total volume of 0.5 ml and(Rivero-Lezcano et al., 1994, 1995; Chou and Hanafusa,
analyzed as described above. The GST-nck(SH2*) fusion protein1995; Hu et al., 1995; Bokoch et al., 1996; Galisteo et
contains a single point mutation R308K, which renders the SH2
al., 1996; Quilliam et al., 1996; Lu et al., 1997). Of these, domain nonfunctional.
Pak and WASP have been implicated in actin polymer-
ization (Manser et al., 1994; Diekmann et al., 1995;
Expression of Wild-Type and Mutant ProteinsHarden et al., 1996; Sells et al., 1997; Snapper et al.,
in Jurkat T Cells
1998; Zhao et al., 1998). T cells deficient in WASP dem- Expression of wild-type or nck(SH3)3 was achieved using a Jurkat
onstrate markedly impaired proliferation and are unable (449) cell line that expressed a Tet repressor-VP16 transactivator
protein as previously described (Gossen and Bujard, 1992; Wongto form a cap following receptor activation (Snapper
Scaffolding Function for SLP-76
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et al., 1998). Under the nonpermissive condition, expression of HA- signal transduction by protein tyrosine kinases. Curr. Opin. Immunol.
8, 394±401.nck and HA-nck(SH3)3 was negligible. A minimum of two indepen-
dent clones expressing wild-type nck (FL2 and FL106) or nck(SH3)3 Cheng, A.M., and Chan, A.C. (1997). Protein tyrosine kinases in
(clones 14 and 15) were analyzed. All clones expressed a compara- thymocyte development. Curr. Opin. Immunol. 8, 394±401.
ble level of surface TCR. Chou, M.M., and Hanafusa, H. (1995). A novel ligand for SH3 do-
For expression of Vav and its derivatives, Jurkat cell lines were mains. J. Biol. Chem. 270, 7359±7364.
transfected with myc epitope-tagged forms of wild-type Vav or
Chou, M.M., Fajardo, J.E., and Hanafusa, H. (1992). The SH2 and
Vav(SH2*), which contains a R696A mutation that inactivates the
SH3-containing nck protein transforms mammalian fibroblasts in
Vav SH2 domain (courtesy of Dr. Altman) and subcloned in the
the absence of elevated phosphotyrosine levels. Mol. Cell. Biol. 12,
pApuro vector. Cells were selected with 0.5 mg/ml puromycin
5834±5842.
(Sigma). Independent clones expressing either wild-type Vav (1B2)
Clements, J.L., Yang, B., Ross-Barta, S.E., Eliason, S.L., Hrstka,or Vav(SH2*) (3F10 and 4B11) with comparable levels of surface
R.F., Williamson, R.A., and Koretzky, G.A. (1998). Requirement forexpression of the TCR were analyzed. The Vav(DH*) mutation was
the leukocyte-specific adapter protein SLP-76 for normal T cell de-constructed by mutating the sequence LLLQELV (amino acids 338±
velopment. Science 281, 416±419.344) within the DBL homology domain to IIIRDII (Katzav et al., 1989;
Creasy, C.L., and Chernoff, J. (1995). Cloning and characterizationHart et al., 1991, 1994; Ron et al., 1991).
of a human protein kinase with homology to Ste20. J. Biol. Chem.
270, 21695±21700.
Analysis of Actin Polymerization
Crespo, P., Bustelo, X.R., Aaroson, D.S., Coso, O.A., Lopez-Bara-Cells were stimulated at 2.5 3 105 cells/ml in PBS with a 1:250
homa, M., Barbacid, M., and Gutkind, J.S. (1996). Rac-1 dependentdilution of an anti-TCR MAb (C305) for 30 min at 378C. Cells (2.5 3
stimulation of the JNK/SAPK signaling pathway by Vav. Oncogene104) were then harvested and centrifuged onto poly-L lysine-coated
13, 455±460.slides using a Cytospin 3 (Shandon) for 5 min at 800 rpm. Slides were
Crespo, P., Schuebel, K.E., Ostrum, A.A., Gutkind, J.S., and Bustelo,fixed in 1% paraformaldehyde/PBS (pH 7.4) at room temperature for
X.R. (1997). Phosphotyrosine-dependent activation of Rac-1 GDP/20 min and washed three times in PBS/10 mM glycine for 10 min
GTP exchange by the Vav proto-oncogene product. Nature 385,each. Cells were permeabilized in 1% Triton X-100/PBS for 20 min
169±172.at 48C, washed in PBS, and placed in blocking solution (PBS/2%
Derry, J.M., Ochs, H.D., and Francke, U. (1994). Isolation of a novelFCS) for 15 min. Cells were stained with rhodamine-conjugated
gene mutated in a Wiskott-Aldrich syndrome. Cell 78, 635±644.phalloidin (Molecular Probes) at a 1:50 dilution in 0.2% gelatin, 0.1%
ovalbumin, and 0.2% azide in PBS for 30 min. Slides were washed Diekmann, D., Nobes, C.D., Burbelo, P.D., Abo, A., and Hall, A.
in PBS and mounted in a 50% glycerol/PBS solution containing (1995). Rac GTPase interacts with GAPs and target proteins through
0.1 M propylgallate (Sigma). Cells were visualized using a Molecular multiple effector sites. EMBO J. 14, 5297±5305.
Dynamics Model 2001 microscope. Focus was adjusted to the plane Fang, N., Motto, D.G., and Ross, S.E. (1996). Tyrosines 113, 128,
of maximum staining intensity and results were analyzed using Im- and 145 of SLP-76 are required for optimal augmentation of NFAT
age Quant software (Molecular Dynamics). Quantitation of F-actin promoter activity. J. Immunol. 157, 3769±3773.
polymerization was performed using Image Quant software. The Fischer, K.-D., Kong, Y.-Y., Nishina, H., Tedford, K., Marengere,
integrated intensity reflects the volume of signal within the area of L.E.M., Kozieradzki, I., Sasaki, T., Starr, M., Chan, G., Gardener, S.,
F-actin formation. et al. (1998). Vav is a regulator of cytoskletal reorganization mediated
by the T-cell receptor. Curr. Biol. 8, 554±562.
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